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Clearing Persistent Extracellular Antigen of Hepatitis B 
Virus: An Immunomodulatory Strategy To Reverse Tolerance 
for an Effective Therapeutic Vaccination 


Danming Zhu,*”' Longchao Liu,*’! Dan Yang,* Sherry Fu,’ Yingjie Bian,*”* 
Zhichen Sun,** Junming He,* Lishan Su, Liguo Zhang,* Hua Peng,* and 


Yang-Xin Fu** 


Development of therapeutic vaccines/strategies to control chronic hepatitis B virus (HBV) infection has been challenging because 
of HBV-induced tolerance. In this study, we explored strategies for breaking tolerance and restoring the immune response to the 
HBV surface Ag in tolerant mice. We demonstrated that immune tolerance status is attributed to the level and duration of 
circulating HBsAg in HBV carrier models. Removal of circulating HBsAg by a monoclonal anti-HBsAg Ab in tolerant mice could 
gradually reduce tolerance and reestablish B cell and CD4* T cell responses to subsequent Engerix-B vaccination, producing 
protective IgG. Furthermore, HBsAg-specific CD8* T cells induced by the addition of a TLR agonist resulted in clearance of HBV 
in both serum and liver. Thus, generation of protective immunity can be achieved by clearing extracellular viral Ag with 
neutralizing Abs followed by vaccination. The Journal of Immunology, 2016, 196: 3079-3087. 


n estimated 2 billion people worldwide have been in- 
fected with the hepatitis B virus (HBV), with 350 million 
of them living with chronic HBV infection. Approxi- 
mately one quarter of adult HBV carrier and chronic hepatitis B 
(CHB) patients later die of HBV-related complications of liver 
cirrhosis and hepatocellular carcinoma (1, 2). Despite enormous 
efforts to develop antiviral agents, no successful treatment has 
been reported to eradicate HBV or produce protective anti-hepatitis 
B surface Ag (anti-HBsAg) Abs, the clinically desired goal of anti- 
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HBV therapy (3, 4). Anti- HBsAg Ab production and virus-specific 
CD8* T cell response are impaired in CHB patients (5, 6), as well as 
in the reported HBV-carrier mouse model (7), which has been at- 
tributed to viral Ag-induced immune tolerance (8). A study using 
adeno-associated virus (AAV)/HBV mouse model also found that 
DNA vaccine could induce T/B cell response but was much weaker 
than in wild type (WT) mice and failed to reduce HBsAg, sug- 
gesting that tolerance was not broken (9). It has been challenging 
but essential to develop translational strategies that can break tol- 
erance in HBV carriers and CHB patients, and induce neutralizing 
Ab (NAb) response and/or HBV-specific CTL response to eradicate 
HBV infection. 

A widely used preventive vaccine, EngerixB (EnxB), containing 
HBV surface Ag in aluminum (alum), induces protective anti- 
HBsAg in 90% of noninfected individuals but fails to produce 
protective anti- HBsAg in either chronic carriers or CHB patients. 
In recent large-scale clinical trials, there was no increase of HBV 
carriers who developed neutralizing anti-HBsAg against infecting 
virus despite repeated vaccination, compared with the placebo 
control group (10, 11). Those data have elucidated the difficulties 
in breaking tolerance and inducing anti-HBsAg. HBeAg is another 
HBV-secreted protein that usually serves as a marker of a high 
level of HBV replication. It is also thought to act as a major T cell 
tolerogen for both HBe (precore) and core Ags, and regulates the 
immune response to HBV infection (12). However, the HBeAg 
variant, a potential CTL-escape mutant, has shown a selective 
advantage over wild type HBV within the livers of CHB patients, 
indicating the complex roles of this HBV protein (13). 

For patients with seroconversion from HBsAg”/anti-HBsAg_ to 
HBsAg /anti-HBsAg*, liver inflammation and fibrosis reduced 
gradually over time (14, 15). HBV DNA in the serum of these 
patients always decreases to an undetectable level, suggesting a 
correlation between serum HBsAg depletion and HBV control 
(16). This raises the possibility that existing levels of circulating 
HBsAg induce a specific tolerance that prevents the host from 
responding to HBsAg vaccination. Therefore, we hypothesize that 
clearance of circulating HBsAg might sufficiently reduce the 
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tolerance enough for the host to reestablish a protective immune 
response to the clinical HBsAg vaccine. First, using HBV carrier 
mouse models that have defined low and high levels of serum 
HBsAg (9, 17), we have observed a close correlation between 
HBsAg level and tolerance status. By pretreating the AAV/HBV- 
infected tolerant mice with HBsAg NAbs, we cleared circulating 
HBsAg efficiently and restored protective anti- HBsAg responses 
to the prophylactic HBV vaccine currently used in clinic. 


Materials and Methods 
Mice 


C57BL/6j (B6) mice were provided by Beijing Vital River. Rag1-deficient 
B6 strain (Rag! ~^") producing no mature T cells and B cells was obtained 
from the Model Animal Research Center (Nanjing, China). Mice were 
maintained under specific pathogen-free condition in BSL-2* animal fa- 
cility, and animal experiments were followed with protocol no. DWSWAQ 
(ABSL-2) 2012205 at the Institute of Biophysics, Chinese Academy of 
Sciences. Animal experiments performed at the University of Chicago 
were approved by University of Chicago Institutional Animal Care Com- 
mittee protocol (71866 for University of Chicago). 


Reagents 


AAV/HBV virus, an AAV-serotype-8 gene transfer vector expressing 1.3- 
fold whole HBV genome (genotype D, serotype ayw), was provided by 
Beijing Five Plus Molecular Medicine Institute (Beijing, China). Peptides 
were purchased from China Peptide (Shanghai, China). HBsAg and 
HBeAg ELISA kits were purchased from Kehua Bioengineering (Shang- 
hai, China). EnxB, containing HBsAg genotype A/serotype adw2, was 
purchased from GlaxoSmithKline Biological (Shanghai, China). Ab-H, a 
mouse IgG1 mAb to HBsAg, and Abs TIB210 (ATCC no. TIB-210, anti- 
CD8) and GK1.5 (ATCC no. TIB-207, anti-CD4) were prepared and pu- 
tified in-house. HBsAg (ayw) were purified by CsCl density gradient 
centrifugation from the supernatant of HEK293 transient transfected by 
HBsAg (ayw)-expressing plasmid. 


HBV carrier mouse model 


Generation of the AAV/HBV carrier mouse model was described previously 
(9, 17). In brief, CS7BL/6 mice (male, 5-7 wk of age) were i.v. injected 
with 5 X 10°, 5x 10!°, or 1 X 10!! viral particles through the tail vein 
(200 l/injection, diluted in PBS). The model was used throughout this 
study and is abbreviated as “carrier” in the text or figures. The hydrody- 
namic tail vein injection (HDI)/HBV carrier mouse model was generated 
by hydrodynamic injection of plasmid pAAV/HBV1.2 into male B6 mice 
(7). In brief, 5 or 0.25 ug plasmid DNA was diluted to the equivalent of 8% 
of the individual mouse’s body weight; the total injection volume was 
delivered within 5-8 s. 


HBV Ag, Ab, and serum alanine aminotransferase analysis 


Sera were prepared from blood collected from the retro-orbital sinus of the 
mouse at the indicated time points. Serum levels of HBsAg HBeAg, and 
anti-HBsAg were measured by standard ELISA after a series of dilutions 
with sterile PBS containing 2% FBS, according to the manufacturer’s 
instructions. Diluted commercial HBV Ags (Beijing Controls & Standards 
Biotechnology) were used as the standards. Endogenous HBsAg Abs were 
monitored by a precoated plate with the recombinant ayw-specific HBsAg 
proteins or peptides with the same encoding sequence in AAV/HBV1.3. 
Peptides used for measurement of subtype-specific Abs by ELISA were 
HBsAg ayw 113-137 (SSTTSTGPCRTCMTTAQGTSMYPSC) and 
HBsAg adw 113-137 (STTTSTGPCKTCTTPAQGNSMFPSC). Serum 
alanine aminotransferase (ALT) activity was determined using a fully 
automatic biochemical analyzer (BioSino Bio-technology and Science) 
after an appropriate dilution with sterile 0.9% NaCl solution. 


Measurement of HBV genomic DNA 


Serum HBV genomic DNA was extracted from 100 ul serum following the 
manufacturer’s manual (Qiagen, Hilden, Germany). Capsid-associated HBV 
DNA in the liver was extracted as described previously (18). In brief, liver 
tissues were homogenized in a lysis buffer, and viral cores were then pre- 
cipitated by adding polyethylene glycol, after removing host genomic DNA 
by DNase I. Viral DNA was extracted by treatment of core particle with 
proteinase K and SDS and then was precipitated with isopropanol. Quanti- 
tative real-time PCR was performed to detect HBV DNA levels with HBV- 
specific primers, HBV-Real-F (5’-CACATCAGGATTCCTAGGACC-3’) and 
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HBV-Real-R (5’-GGTGAGTGATTGGAGGTTG-3’). The HBV surface Ag 
containing plasmid was used to create standard curves. 


Lymphocyte depletion, sorting, and adoptive transfer 


In vivo depletion of CD4* T cells or CD8* T cells was performed by using 
anti-CD4 (GK1.5) or anti-CD8 (TIB210) Ab before transfer of splenocytes 
from the indicated groups of treated or control mice (200 ug individual Ab 
per mouse). Lymphocyte sorting and purification was performed by using 
LS columns (Miltenyi Biotec) and mAbs of anti-B220 (RA3-6B2), anti- 
CD4 (RM4-5), and anti-CD38 (90), and by anti-allophycocyanin 
microbeads (catalog no. 130-090-855; Miltenyi Biotec), following manu- 
facturer’s instructions. A total of 5 X 10’ splenocytes from indicated donor 
mice was transferred i.v. to Rag~/~ mice via the tail vein. 


Ag-specific T cell ELISPOT assay 


An ELISPOT assay was performed according to the manufacturer’s in- 
structions (catalog no. 551083; BD, San Diego, CA) using lymphocytes 
isolated from the liver and spleen. An enzymatic digestion method was 
used for the isolation of intrahepatic lymphocytes. In brief, liver tissues 
were digested by collagenase IV (Roche, Basel, Switzerland) at 37°C for 
15 min. The suspension was centrifuged at 30 X g for 1 min to remove 
hepatocytes. Lymphocytes were then pelleted by centrifugation at 400 X g 
for 10 min and further purified with 40 and 70% Percoll solutions by 
centrifuging at 800 X g for 20 min at room temperature. Cells were col- 
lected from the interface, and RBCs were removed with ACK buffer to 
make a single-cell suspension. To detect an Ag-specific immune response, 
we incubated liver lymphocytes for 48 h at 37°C in a complete me- 
dium containing 10 pg/ml H2-K°ENV!*°"!*7 peptide (VWLSVIWM) 
or OVA*>7-?% peptide (SINFEKL) in an IFN-y ELISPOT plate. 


Statistical analysis 


Statistical analyses were performed on GraphPad Prism Software (La Jolla, 
CA). The unpaired two-tailed Student ¢ test was used to compare variables 
between the two groups. Differences among multiple groups were ana- 
lyzed by the Student ¢ test following one-way ANOVA. All experiments 
were repeated at least twice. 


Results 


Humoral immune tolerance is dependent on the level of 
circulating HBsAg 


Persistence of HBV was developed by introducing the HBV ge- 
nome using a liver tropic type 8 AAV vector (AAV/HBV) (17). 
AAV/HBV carries the entire HBV genome that will express HBV 
proteins, finish HBV replication, and release both pseudoviruses 
and complete HBV virions. HBV-specific immune tolerance was 
also observed in this mouse model, with no HBsAg to anti-HBsAg 
seroconversion, even after repeated vaccination (9, 17). Thus, the 
AAV/HBV mouse, as an animal model, could provide critical in- 
formation for CHB immunotherapy studies. To investigate the role 
of the level of circulating HBsAg on the regulation of HBV-induced 
humoral tolerance, we infected two groups of male B6 mice with 
either a high dose (1 X 10! vg/mouse) or a low dose (5 X 10°/ 
mouse) of AAV/HBV. Serum levels of HBsAg reached to 1761.3 + 
165.2 ng/ml in the high antigenemia (> 1000 ng/ml) group and 41.1 + 
7.2 ng/ml in the low antigenemia (<50 ng/ml) group, at week 4 
postinfection. Then these mice were s.c. vaccinated with a commer- 
cially available prophylactic HBsAg vaccine, EnxB, which is a potent 
anti-HBsAg inducer. We monitored the serum level of HBsAg (se- 
rotype ayw) and ayw-specific anti-HBsAg Abs at weeks 1, 2, and 4 
postvaccination and found that no Abs to HBsAg (ayw) were detected 
and serum HBsAg was not significantly reduced in the high anti- 
genemia group. In contrast, the low antigenemia mice exhibited rapid 
depletion of serum HBsAg, which became undetectable at week 2 
postvaccination, while generating a considerable level of HBsAg 
(ayw)-specific Abs (Fig. 1A, 1B). In the untreated control group, 
serum HBsAg persisted stably at high levels for at least 6 mo 
(Supplemental Fig. 1). Another HBV mouse model made by HDI of 
a plasmid containing 1.2-fold of the entire HBV genome was also 
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used in this study, which has been used before to investigate persistent 
HBV expression and HBV-induced immune tolerance (7). Similar 
results of immune tolerance were also observed in the HDI/HBV 
mouse model (Fig. 1C, 1D). Taken together, our data indicate that 
HBV-induced humoral immune tolerance is strongly associated with 
the level of circulating HBV Ags, such as HBsAg. 


HBsAg is a major humoral immune tolerogen in the CHB 
model 


To determine whether unresponsiveness to EnxB in high antigenemia 
HBV carrier mice is due to immune tolerance, we vaccinated the high 
antigenemia HBV carrier mice with CpG-adjuvanted EnxB to enhance 
the efficacy of vaccination. Type B CpG ODN 1826 is a strong TLR9 
adjuvant in mice (19, 20). Compared with EnxB vaccination alone in 
naive mice, which induced a strong Ab response but with no CTL, 
EnxB/CpG could promote not only a much stronger humoral immune 
responses, but also a robust cytotoxicity response (Supplemental Fig. 
2). Similar to EnxB (Fig. 1A, 1B), EnxB/CpG vaccination did not 
result in serum HBsAg decline (Fig. 2A) or induction of corre- 
sponding ayw-specific anti-HBsAg Abs in carrier mice, whereas a 
strong immune response was induced in uninfected control mice (Fig. 
2B). This result indicates that there is a severe tolerance to HBsAg in 
carrier mice. However, spontaneous anti-HBV-core Abs can be easily 
detected in most (7/10) unvaccinated carrier mice (Fig. 2C), indi- 
cating that HBcAg might not be a humoral tolerogen in this model. 
As expected, the serum level of HBeAg, which is a well-known 
major viral T cell tolerogen, was not influenced by either EnxB or 
EnxB/CpG vaccination (data not shown). Anti-HBsAg conversion is 
the clinical term for the cure of HBV infection. Thus, we focused on 
mechanistic studies of HBsAg-induced humoral tolerance in the rest 
of our study and chose HBeAg seroconversion as one of the indi- 
cators for the breaking of T cell tolerance and HBV clearance via 
HBsAg-based strategies. To test whether the nonresponse is systemic 
or unique to HBsAg, we vaccinated carrier and uninfected control 
mice with EnxB and HSV-1 at the same time. We observed a strong 
Ab response against HSV-1 envelope glycoprotein D (gD) in both 
groups of mice. Again, Ab response to HBsAg was detected only in 
the uninfected mice and not in the HBV carrier mice (Fig. 2D). Thus, 
these results suggest that HBsAg is a major humoral immune tolero- 
gen in the chronic HBV mice model and this tolerance is Ag specific 
with no effect on either HBc or HSV-1 gD responses. 


> 


FIGURE 1. Ab responses to EnxB vaccine are in- 
versely correlated to the level of circulating HBsAg. (A) 
Serum levels of HBsAg in AAV/HBV carrier mice were 
monitored by ELISA after vaccination with EnxB. 
HBsAg values are presented as a nanogram per milliliter 
and are expressed as means + SD of three mice in each 
time point. (B) Ayw subtype-specific anti-HBsAg Ab re- 
sponses in AAV/HBV carrier mice were monitored by 0 
ELISA at indicated time points (n = 3). (C) Serum HBsAg 

in HDI/HBV mice after EnxB vaccination was monitored 

by ELISA (n = 4). (D) Anti- HBsAg Ab responses in HDI/ C 
HBV mice were monitored by ELISA at indicated time 


HBsAg (ng / ml) 


8000, 
points postvaccination (n = 4). Arrows indicate the time 6000+ 
points of EnxB vaccination. Data presented are representa- 40004 


tive of three independent experiments. *p < 0.05, **p < 
0.01, ***p < 0.001 versus corresponding control mice. 
EnxB, s.c. vaccinated with EnxB; High, high antigenemia; 
Low, low antigenemia; ND, not detected; NTC, no treatment 
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Duration of HBsAg existence plays an important role in the 
induction and maintenance of HBsAg tolerance 


High levels of circulating HBsAg could induce tolerance in carrier 
mice, but the induction process was unknown. To clarify how long 
the presence of HBsAg would be required to induce humoral 
tolerance, we vaccinated carrier mice with EnxB at a series of time 
points post AAV/HBV infection while monitoring serum levels of 
HBsAg and anti-HBsAg. We observed that vaccination on day 1, 
week 1, and week 2 postinfection resulted in rapid reduction of 
serum HBsAg, which became undetectable on week 4 after primary 
vaccination. Anti- HBsAg Abs could be detected immediately after 
disappearance of HBsAg. In contrast, mice under prolonged ex- 
posure to HBsAg (4 wk) could not respond to EnxB. Serum HBsAg 
could be detected on the fourth week after primary vaccination, and 
even an additional EnxB immunization could not stimulate ayw- 
specific anti-HBsAg Ab to clear HBsAg (Fig. 3A). These results 
indicate that aside from HBsAg levels, the duration of HBsAg 
presence is another important factor for inducing and maintaining 
HBsAg-specific immune tolerance in carrier mice. 

The roles of the level and persistence of circulating HBsAg in the 
induction of HBsAg-specific humoral tolerance raises the possibility that 
the clearance of circulating HBsAg for a specific length of time could 
gradually diminish HBsAg-induced tolerance. To test this hypothesis, 
we transferred splenocytes from tolerant HBV carrier mice to Rag] ~/~ 
mice to create an Ag-free environment, followed by s.c. vaccination 
with EnxB at specific time points after adoptive transfer. We observed 
that the Ab response to HBsAg was undetectable in mice with 
splenocytes transferred within 3 wk, whereas reconstituted Rag] ’~ 
mice that were vaccinated on the fourth week posttransfer had a strong 
Ab response to HBsAg (Fig. 3B). This result indicated that humoral 
immune tolerance to HBsAg still existed within the first few weeks 
even in a tolerogen-free environment, but could be diminished grad- 
ually starting at week 4 as hosts became responsive to vaccination. 


Reversal of immune tolerance by neutralizing HBsAg 


To develop a clinically relevant strategy that could decrease serum 
HBsAg to a minimum level efficient for therapeutic vaccination in 
HBV carriers, we treated tolerant carrier mice with Ab-H, an NAb 
against HBsAg (ayw), to remove circulating HBsAg, mimicking 
the HBsAg-free status (Fig. 4A). Serum HBsAg rapidly decreased 
to an undetectable level after NAb administration and never 
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FIGURE 2. HBsAg is the major humoral immune toler- 
ogen in the CHB model. Serum levels of HBsAg (A) and 
ayw subtype-specific anti-HBsAg Ab (B) in AAV/HBV 
carrier mice (n = 3) were monitored by ELISA after vac- 0 
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neous Ab responses to viral core Ag (n = 10) and surface Ag 
(n = 16) were monitored by ELISA at 4 and 8 wk postin- 
fection. (D) Ab responses to HBV surface Ag and HSV-1 gD 
Ag (n = 3) were tested in AAV/HBV carrier mice and 
control mice infected with HSV-1 (5 x 10’ PFU) and vac- 
cinated with EnxB (2 pg). Control, B6 mice that were not 
infected with AAV/HBV. Data presented are representative 
of at least two independent experiments. **p < 0.01, ***p < 
0.001, ****p < 0.0001 versus corresponding control mice. 
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rebounded after EnxB immunization and cessation of NAb treat- 
ment for at least 84 d (Fig. 4B, black line with triangles). In 
contrast, without EnxB vaccination, HBsAg rebounded immedi- 
ately once administration of NAb was halted, even after 4 wk of 
constant NAb treatment (Fig. 4B, blue line with circles). EnxB 
alone cannot significantly reduce serum HBsAg in tolerant carrier 
mice (Fig. 4B, red line with squares). Consistent with depletion of 
HBsAg, serologic conversion to anti-HBsAg was observed in the 
combined treatment group, but not in the monotherapy group with 
either NAb or vaccine (Fig. 4C). The current commercial HBV- 
vaccine (HBsAg in alum) is a potent inducer of anti-HBsAg 
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production but a weak inducer of CTL proliferation, which 
could result in CTL-mediated severe liver pathogenesis. Indeed, 
significant liver injury was not observed in mice that were 
treated with either monotherapy or combined therapy of EnxB 
with NAb as determined by the ALT test (Fig. 4D) and patho- 
logic analysis of liver tissue (Fig. 4E). Our data support that the 
neutralization of circulating HBsAg using NAb can reduce hu- 
moral immune tolerance, assist the host response to the HBsAg- 
based vaccine, and produce long-term, protective anti-HBsAg 
Ab without inducing detectable liver injury, a clinically desir- 
able end point. 
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FIGURE 4. Reversal of immune tolerance by neutralizing HBsAg: a new strategy. (A) Schematic treatment schedule of tolerant HBV carrier mice with a 
combination of HBsAg-NAb (Ab-H, 1 mg/mouse with 3-d intervals) and vaccine (EnxB, 2 wg). (B) Serum levels of HBsAg in different treatment groups were 
monitored by ELISA (n = 3). (C) De novo anti- HBsAg generation was evaluated on day 21 after the second EnxB vaccination, by monitoring IgG subtype-2b 
Abs via ELISA using ayw-HBsAg identical to the HBV serotype in the animal model (n = 3). (D) Serum level of ALT was monitored on day 21 after the 
previous vaccination. Sera from Jo2 (a Fas agonistic Ab)-treated B6 mice were used as the positive control (n = 3). (E) H&E staining (original magnification 
X100) for pathologic analysis of liver injury or inflammation. (a) No treatment control, (b) NAb-treated group, (c) EnxB-treated group, and (d) combination 
treatment with NAb plus EnxB group. Experiments were repeated at least three times. Data shown are one representative of three independent experiments. 


Reconstituted immunity to EnxB in HBV carrier mice depends 
on both B cells and CD4* T cells 


To further study the mechanism of this immune reconstitution, we 
investigated which subsets of the cell population participate in 
controlling HBV antigenemia and inducing immune memory after 
combined therapy. Rag! ’~ mice were adoptively transferred with 
splenocytes from naive mice, EnxB-vaccinated WT mice, EnxB- 
vaccinated carrier mice, or carrier mice resolved from NAb/EnxB 
treatment, respectively. These recipient mice were then challenged 
with AAV/HBV on the day after splenocytes transfer. Serum levels 
of HBsAg were measured on days 3, 14, and 28 posttransfer. We 
observed that persistent circulating HBsAg was detectable in 
Ragl‘~ mice transferred with splenocytes from naive mice, as well 
as from carrier mice that were vaccinated with EnxB, but not in 
those transferred with splenocytes from EnxB-vaccinated WT or 
resolved carrier mice after combination treatment. Although HBsAg 
appeared in the serum on day 3 postinfection, it disappeared on day 
14 postinfection and the serum remained HBsAg as long as day 28 
postinfection (Fig. 5B), indicating that HBV-specific memory re- 
sponse may play a role in protecting the host from setting up per- 
sistent infection by AAV/HBV. Our data support that resolved HBV 
carrier mice have gained immune memory to HBsAg, and that this 
memory is transferrable and protective. 

We expected CD4* Th cells to be the dominant functional 
T cells stimulated by an alum-based vaccination. To test this, we 
performed depletion assays using anti-CD8 (TIB210) or anti-CD4 
(GK1.5) mAb before transferring splenocytes to Rag!’ mice. 
Depletion of CD8* T cells did not impair the transferred immunity 
from resolved carrier mice. However, loss of Ab production was 
observed when CD4* T cells were depleted (Fig. 5C). This is 


consistent with the notion that vaccination with an alum adjuvant 
can mainly induce CD4* Th cells and Ab responses, but not CTL 
responses (21, 22). To clarify whether the memory response 
resulted from a direct antiviral neutralizing effect or an indirect 
mechanism that promotes Ab generation by CD4* T cells, we 
infected Rag! ‘~ mice with AAV/HBV1.3 after adoptive transfer 
with whole splenocytes, B cell-depleted splenocytes, purified 
B cells, or purified CD4* T cells from EnxB-vaccinated WT 
mice, respectively. We observed a loss of Ag neutralization in all 
groups except those receiving a whole splenocyte transfer, which 
suggests that both CD4* T cells and B cells are required for op- 
timal protection. Anti-HBsAg was generated in mice with whole 
splenocyte transfer, tested on days 14 and 21 posttransfer, but was 
significantly reduced or undetectable for all other groups in which 
serum HBsAg could not be cleared and kept at a high level 
(Fig. 5D). Taken together, our data suggest that both B cells and 
CD4* T cells play essential roles in reestablishing memory im- 
munity to HBsAg after administration of our vaccine. 


Reconstitution of HBsAg-specific cytotoxic T cell for viral 
eradication by CpG-combination therapy 


Although combination therapy with NAb and EnxB could reverse 
humoral tolerance and generate anti-HBsAg Abs in the AAV/ 
HBV1.3 mouse model, it did not decrease serum HBeAg or 
eradicate intracellular HBV (Supplemental Fig. 3A). Furthermore, 
splenocytes from EnxB primed WT mice could not directly con- 
trol the production of either HBsAg or HBeAg when adoptively 
transferred to carrier mice (data not shown). It is commonly be- 
lieved that viral-specific CTL response plays a key role in erad- 
ication of virus-infected hepatocytes. EnxB-primed hosts can 
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FIGURE 5. Reconstituted immunity to EnxB in CHB depends on both B cells and T cells. (A) Schematic diagram of adoptive transfer assay. (B) Rag] /~ 
mice were adoptively transferred with splenocytes from naive mice (circle), mice vaccinated with EnxB (square), HBV carrier mice vaccinated with EnxB 
(diamond), or recovered carrier mice treated with NAb plus EnxB regimen (triangle), followed by AAV/HBV infection on the next day after adoptive 
transfer. Serum levels of HBsAg were monitored on days 3, 14, and 28 postinfection (n = 3). (C) Adoptive transfer of splenocytes with CD8* or CD4* T cell 
depletion. These splenocytes were from the resolved mice treated with NAb plus EnxB and transferred to Ragl~/~ mice. Then rag~/~ mice were chal- 
lenged with AAV/HBV. Serum levels of HBsAg were monitored by ELISA (n = 3). (D) Rag ^7 mice were adoptively transferred, respectively, with either 
whole splenocytes, B cells depleted, purified B cells, or purified CD4* T cells from the EnxB-vaccinated WT mice. Then mice were challenged with AAV/ 
HBV. Serum levels of HBsAg (D, upper) and anti-HBsAg Ab (D, lower) were monitored by ELISA (n = 3). Experiments were repeated at least two times. 
Data shown are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 versus corresponding control mice. 


generate protective Abs but fail to generate sufficient CTLs. In 
WT B6 mice, EnxB/CpG could induce vigorous CD8* T cell re- 
sponse (Supplemental Fig. 2A), as well as a strong humoral re- 
sponse (Supplemental Fig. 2B). To further improve our 
combination treatment to induce HBV-specific CTL response, we 
immunized carrier mice with EnxB mixed with CpG. We tested 
the potential of EnxB/CpG on therapeutic effects and the recon- 
stitution of HBV-specific CTLs in tolerant AAV/HBV carrier mice 
with pretreatment of NAb infusion to provide an “Ag-free” time 
window (Fig. 6A). Compared with those treated with NAb alone, 
or EnxB/CpG alone, mice treated with NAb plus EnxB/CpG 
exhibited a significant increase in HBV-specific T cell activity, 
as shown by ELISPOT analysis (Fig. 6B). In accordance with the 
enhanced T cell response, a slight increase of an ALT was ob- 
served in the combination-treated group (Fig. 6C), indicating that 
functional CTLs targeting HBV-infected hepatocytes might be 
induced inside the liver. Most importantly, serum HBV proteins 
and DNA were reduced to an undetectable level 6 wk after ter- 
minating combination therapy with NAb plus EnxB/CpG (Fig. 
6D), whereas mice receiving either NAb or EnxB/CpG mono- 
therapy did not experience such a reduction. To further evaluate 
the therapeutic efficacy for clearance of hepatic HBV, we mea- 
sured HBV DNA from hepatocyte extracts by real-time PCR. We 
found that HBV DNA in the liver was reduced to an undetectable 
level in the carrier mice treated with NAb/CpG-EnxB, but not in 


other groups (Fig. 6E, left panel). Meanwhile, HBsAg, HBeAg, 
and HBcAg in the liver were diminished in mice receiving the 
NAb/CpG-EnxB treatment, compared with the control and other 
treatment groups (Fig. 6E, middle and right panels, Supplemental 
Fig. 4). These results suggest that HBV-induced CTL tolerance 
can be broken, and even hepatic HBV DNA can be cleared with a 
combination of NAb pretreatment and subsequent CpG-adjuvant 
vaccination even in the HBV carrier model. 


Discussion 

Therapeutic vaccines against chronic HBV have demonstrated the 
extreme difficulty in restoring HBV-specific immunity. In recent 
large-scale clinical trials including prolonged antivirus drugs and 
repeated vaccination, some HBV carriers indeed developed anti- 
HBsAg T and B cell responses against epitopes contained in the 
vaccine but could not clear serum HBsAg and the infecting HBV 
(10, 11, 23). This suggests that such treatments may respond 
mainly to the nonshared epitopes of recombinant HBsAg different 
from the subserotype or spontaneous mutations of the infecting 
HBV in the host, and thus fail to produce protective Abs to the 
shared epitopes with infecting HBV and likely fail to reverse 
tolerance. Using AAV/HBV and HDI/HBV models, we have ob- 
served that immune tolerance is attributed to the level and duration 
of HBsAg. Furthermore, clearing HbsAg from the host might 
reverse HBV-induced tolerance over time and gradually allow the 
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FIGURE 6. 


Reconstitution of HBsAg-specific cytotoxic T cells by combination treatment with NAb and EnxB plus TLR9 agonistics. (A) The time course 


of combination treatment with NAb and EnxB (1 wg), plus CpG (50 ug) administered to HBV carrier mice. (B) Mice were sacrificed on day 16 post first 
immunization. Intrahepatic HBsAg-specific CTLs were monitored by ELISPOT assays after stimulation with ENV'°°"'®” or control peptide OVA”>”***. (C) 
Serum level of ALT (sALT) on day 7 after the last vaccination (n = 5). (D) Serum levels of HBsAg (left), HBeAg (middle), and HBV genomic DNA (right) 
were evaluated on day 0 (starting NAb treatment), week 5 (starting vaccine treatment), and week 12 (6 wk after second vaccination), respectively. (E) 
Intrahepatic capsid-associated HBV genomic DNA (left), HBsAg (middle), and HBeAg (right) were monitored on the day when the experiment was 
terminated and mice were sacrificed (n = 3). Data presented are representative of three independent experiments (mean + SD). *p < 0.05, **p < 0.01, ***p < 


0.001 versus corresponding control mice. 


host to respond to vaccination, which finally become responsive to 
CpG-adjuvanted HBsAg vaccines after 4 wk of Ab treatment, 
clearing serum or hepatic HBV by generating a strong protective 
immune response. This simple but translational strategy may also 
be applied to the treatment of other chronic infections. 

Breaking HBV-induced immune tolerance, especially inducing 
protective IgG responses to HBsAg from the infecting HBV strain, 
has been a difficult goal to achieve in the clinic for decades (2, 24, 
25). Many experimental HBV vaccines, such as DNA and new- 
adjuvant vaccines, also have been investigated for improving 
therapeutic vaccines to break HBV immune tolerance (26, 27). 
These studies demonstrate that both Ab response and proper CTL 
response are required for partially breaking HBV tolerance. 
However, it was difficult to evaluate the function of vaccines in 
clearing virus due to the integration of the HBV genome in the 
transgenic mouse. Dendritic cell and CTL transfer treatments for 
CHB have been tested in HBV-transgenic mice, but neither was 
successful, because of a weak T/B cell response (28) or toxic 
nonspecific inflammation (29). Current anti-HBV drugs or IFNs 
can inhibit viral replication and reduce DNA load, but they cannot 
clear HBsAg and induce protective Abs. If long-term use of HBV 
suppressor drugs can greatly reduce Ag load, reactivity of HBV- 
specific T cells could be partially restored (25). In our study with 
both the AAV/HBV and the HDI carrier models, we observed that 
clearance of HBsAg with NAb over time may help to restore the 
host response to vaccination, with no detectable side effects 
(Supplemental Fig. 3B, 3C). When circulating HBsAg had been 


cleared for several weeks, tolerant HBV carrier mice indeed 
regained the responsiveness to vaccination and reconstituted an- 
tiviral immunity that can clear circulating HBV particles. En- 
dogenous anti-HBsAg may coexist with HBsAg in CHB patients 
and has no influence on HBsAg quantification (30). Our results 
suggest that HBV-induced tolerance can be broken by a combi- 
nation of pretreatment with NAb and subsequent vaccination in 
HBV carrier models. 

Viral-specific adaptive response is weak or undetectable in CHB 
patients (5, 6), and it has not been defined how to restore anti- 
HBsAg responses or functional virus-specific CTLs by vaccination. 
A recent study using AAV/OVA-induced tolerance showed that Ag 
expression level threshold tunes the fate of CD8* T cells during 
the primary hepatic immune response, which may explain why 
AAV/HBV infection resulted in a profound tolerance in adult mice 
(31). The T cell exhaustion mechanism in HBV animal models has 
been reported by several studies recently. Xu et al. (32) demon- 
strated that Tr1-like cells can migrate to the draining lymph nodes 
and participate in inducing systemic tolerance by inhibiting GC 
formation upon HBsAg vaccination in an HBV 1.2 model. The role 
of T regulatory cells in this HBV1.2 HBV mouse model had been 
shown not to be the dominant mechanism for tolerance by Xu 
et al. (32), but clinical studies demonstrated that in vitro depletion 
of T regulatory cells from PBMCs taken from HBV-infected pa- 
tients led to an increase of IFN-y production after HBV Ag 
stimulation. The PD1-PDL1 pathway is reported to be involved in 
HBV-induced T cell tolerance, and anti-PD-1 blockage could 
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reverse the exhausted phenotype in intrahepatic T lymphocytes 
and lead to virus clearance in vivo (33). Some clinical studies 
also demonstrated that T cell apoptosis or deletion was involved in 
HBV-induced immune tolerance (34). In conclusion, the mecha- 
nisms of HBV-induced immune tolerance are complicated, and the 
precise mechanism of immune tolerance will be carefully studied 
in our subsequent works. 

Without TCR and BCR transgenic mice, it is difficult to show the 
reverse of tolerance at the single-cell level in HBV animal models. 
However, using adaptive transfer or combined treatment, we have 
shown, at the lymphocyte subpopulation level, that host response to 
HBsAg from CHB could be restored with our therapeutic strategy. 
Dependency of CD4* T and B cells is consistent with the 
knowledge that alum-adjuvant Ag generates stronger Th cells for 
Ab than CTLs response (35, 36). We have shown that HBV re- 
active immune cell clones were not completely deleted and could be 
recovered in circumstances with proper immune stimuli (Fig. 5). 
These long-term benefits to patients are potentially valuable con- 
siderations for future clinical trials. A lack of CTL in response to 
the alum-based vaccination could limit liver injury, while still pro- 
viding protective Abs to prevent viral spread to healthy hepatocytes, 
including newly generated hepatocytes. However, remaining viral 
DNA might allow HBV relapse when immune responses are 
compromised. Proper CTL proliferation is required for intracellular 
HBV clearance in the liver, but the possibility of severe liver injury 
should not be neglected. Effective CTL response and protective Abs 
are achievable, but which strategy is the best for patients remains to 
be determined in large-scale clinical trials. Although B cell toler- 
ance has been the major clinical challenge, it is likely that gener- 
ation of both CTL and Ab might be induced simultaneously and 
help each other in clearing HBV, whereas limiting the spread of 
virus and liver injury via our newly developed strategy. 

Therapeutic vaccines against CHB infection are still under ex- 
tensive exploration (24, 37). Most recently, at least three versions of 
HBsAg + HBcAg vaccines have been carried by several pharma- 
ceutical companies for animal and even clinical studies, with 
promising immune response in naive mice or healthy patients, but 
with no report yet for significant therapeutic effects, such as HBsAg 
clearance, HBeAg seroconversion, or HBV clearance (38). In this 
study, we designed a simple and translational approach that suc- 
cessfully achieved two goals: 1) NAb treatment effectively clearing 
the circulating HBsAg to provide a relatively Ag-free window in 
lymphoid tissues allowing immune cells to recover from tolerant 
status, and 2) the currently used HBV vaccine prompting HBV-carrier 
hosts to generate protective IgG. Furthermore, advanced vaccination 
with CpG could generate additional CTL to clear intracellular HBV 
once HBsAg tolerance was weakened by HBsAg depletion. Thus, 
reducing extracellular Ags in chronically infected hosts either by 
treatment with NAbs or other means, such as prolonged antiviral 
drugs, is a prerequisite for effective therapeutic vaccination to induce 
protective IgG or CTL immunity. This new therapeutic strategy could 
provide a practical solution for treatment of chronic infections. 
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